Radiative emission lines from nitrogen and its ions are often observed in nebulae spectra, where the N 2+ abundance can be inferred from lines of the 2p4f configuration. In addition, intensity ratios between lines of the 2p3p -2p3s and 2p4f -2p3d transition arrays can serve as temperature diagnostics. To aid abundance determinations and plasma diagnostics, wavelengths and oscillator strengths were calculated with high-precision for electric-dipole (E1) transitions from levels in the 2p4f configuration of N + . Electron correlation and relativistic effects, including the Breit interaction, were systematically taken into account within the framework of the multiconfiguration DiracHartree-Fock (MCDHF) method. Except for the 2p4f -2p4d transitions with quite large wavelengths and the two-electron-one-photon 2p4f -2s2p 3 transitions, the uncertainties of the present calculations were controlled to within 3% and 5% for wavelengths and oscillator strengths, respectively. We also compared our results with other theoretical and experimental values when available. Discrepancies were found between our calculations and previous calculations due to the neglect of relativistic effects in the latter.
INTRODUCTION
Nitrogen is one of the most abundant elements in the universe. Radiative emission lines from nitrogen and its ions are often observed in nebulae spectra, and some of the lines are suitable for abundance determinations and plasma diagnostics (Liu et al. 2000; Fang et al. 2011 ). In particular, there has been a great interest in lines originating from levels in the 2p4f configuration of N + . For example, Liu et al. determined the N 2+ /H + ion abundance in NGC 6153 using the line intensities of the 2p4f -2p3d transitions (Liu et al. 2000) . A similar determination was done in the Orion nebula by Escalante and Morisset who pointed out that a major concern is the uncertainty in the line fractions involving the 2p4f term, where LS-coupling is not a good approximation (Escalante & Morisset 2005) . Fang et al. demonstrated that the intensity ratios between the 2p3p 3 D -2p3s 3 P o and 2p4f G(9/2) -2p3d 3 F o transitions have a relatively strong temperature dependence, and thus can serve as a temperature diagnostics (Fang et al. 2011 ). In addition, there exist a few lines from the 2p4f configuration in lightning (Wallace 1963) , which play key roles in the determination of properties such as temperature and pressure (Prueitt 1963; Uman et al. 1964 ).
Accurate atomic parameters for the transitions from the 2p4f configuration are still scarce, although they are important for abundance determinations and plasma diagnostics as mentioned earlier. Mar et al. reported experimental probabilities for 20 transitions between the 2p4f and 2p3d configurations of the N + ion produced in a pulsed discharge lamp containing helium and nitrogen gas. However, the absolute rates were obtained by using data available in the literature as a reference (Mar et al. 2000) . In addition, some experiments were carried out for measuring lifetimes of levels belonging to the 2p4f configuration (Denis et al. 1968; Pinnington 1970; Brink et al. 1978; Desesquelles 1971; Fink et al. 1968; Warren & Charles 1971 ). Yet, it is sometimes difficult to infer transition rates through lifetimes since there are always several decay channels from an individual level. Turning to theory, Kelly reported values of the single-electron integrals for the 2p4f -2p3d transitions in the Hartree-Fock-Slater approximation (Kelly 1964) . Based on these data, Wiese et al. later calculated the corresponding oscillator strengths (Wiese et al. 1965 ). Victor and Escalante also obtained atomic parameters for the 2p4f -2p3d and 2p4f -2p4d transitions using a model potential method (Victor & Escalante 1988) . Finally, as part of the Opacity Project, oscillator strengths involving the 2p4f configuration were calculated using the R-matrix method (Opacity Project 1995) . However, relativistic effects were neglected in this calculation, resulting in relatively large uncertainties for the atomic parameters.
Because of the weak spin-dependent Coulomb interaction between the 2p and 4f electrons and the small spin-orbital interaction for the 4f electron itself, the level structure in the 2p4f configuration is best described in LK-coupling (Cowan 1981) . Also, fine-structure splittings in this configuration are extremely small. For example, the separation between the F(5/2) 3 and F(5/2) 2 levels is just 2.86 cm −1 as shown in Fig. 1 . To describe this level structure, it is essential to accurately capture both relativistic and electron correlation effects. Improving on our previous work on transition probabilities from the 2p4f configuration (Shen et al. 2010) , in which a simple correlation model was adopted, we performed large-scale calculations using the multiconfiguration Dirac-Hartree-Fock (MCDHF) method. A multireference active set approach was utilized to systematically generate the configuration space (Sturesson et al. 2007 ). In particular, higher-order electron correlation effects were taken into account by means of an extended set of configurations in the multireference (Li et al. 2012 ). In addition, we also considered the Breit interaction -the main relativistic correction to electron interactions (Grant 2007) . The uncertainties of the present calculations were controlled to within 3% for wavelengths and to about 5% for oscillator strengths of most of lines, respectively. Based on the present work, we evaluated previous theoretical results and found some discrepancies owing to the neglect of relativistic effects in previous calculations.
Fig. 1.-The energy level structure of the 2p4f configuration. E av is the configuration average energy. The largest interaction -the spin-independent portion of the electron-electron Coulomb interaction gives rise to three terms F, G and D. The spin-orbit (s-o) interaction of the 2p electron is the second most important interaction, and produces a separation according to the two possible values K = L ± s p (s p = 1/2). The s-o interaction of 4f electron brings about very small splittings.
THEORETICAL METHOD AND COMPUTATIONAL MODEL

Theoretical method
We employed the multiconfiguration Dirac-Hartree-Fock (MCDHF) method to calculate the atomic state wave functions (ASFs). The details of the method are described in the monograph by Grant (Grant 2007 ) and here we just give a brief account.
In the MCDHF method the ASFs are linear combinations of symmetry adapted configuration state functions (CSFs) with the same parity P , angular momentum J, and its M J component along z direction
In the expression above c k are the expansion coefficients and γ k denote other appropriate labeling of the CSFs, e.g. orbital occupation numbers and coupling trees. The CSFs are built from products of one-electron Dirac orbitals. In the self-consistent field (SCF) procedure, both the radial parts of the Dirac orbitals and the expansion coefficients are determined to minimize the energies based on the Dirac-Coulomb Hamiltonian. Calculations can be performed for a single level, but also for a portion of a spectrum in an extended optimal level (EOL) scheme, where the minimization is on a weighted sum of energies. The Breit interaction between all electron pairs is included in subsequent relativistic configuration interaction (RCI) calculations, where the radial orbitals are fixed and only the expansion coefficients are optimized (Grant et al. 1980 ).
For a transition between an initial i and a final f state the transition parameters such as the weighted oscillator strength gf and the transition rate A can be expressed in terms of the reduced matrix element
where O (L) is the multipole radiation field operator. A biorthogonal transformation technique is adopted to relax the restrictions from standard Racah algebra so that the initial and final state ASFs can be built from the different radial orbital sets (Olsen et al. 1995) . All calculations were performed using the GRASP2K package (Jönsson et al. 2013) which is the latest version of GRASP (Grant et al. 1980 ).
Computational model
The accuracy of MCDHF and RCI calculations is to a large extent determined by the CSF expansions. In this work, the active set approach was adopted to generate the CSF expansions. Calculations were done by parity, meaning that states of the even and odd parity, respectively, were optimized separately. Based on the experience from our previous work (Shen et al. 2010 ) the reference configurations 2s 2 2p 2 ; 2s 2 2p3p; 2s 2 2p4p; 2s2p 2 3s; 2s 2 2p4f and 2s2p 3 ; 2s 2 2p3s; 2s 2 2p3d; 2s 2 2p4s; 2s 2 2p4d;2s 2 2p5s were chosen for the two parities. It is worth noting that the higher-order electron correlations can be accounted for through an extended set of reference configurations. The CSFs were formed from all configurations that could be obtained by replacing the occupied orbitals in the reference configurations with orbitals in an active set according to some rules. The rule together with the active space define the computational model. In this work we allowed single (S) and double (D) replacements from the valence orbitals as well as from the valence and the 1s core orbitals and the models were denoted nSDV and nSDC, where n indicate the maximum principal quantum number of the orbitals in the active set. The orbitals in the active set were augmented layer by layer so as to be able to monitor the convergence of the physical quantities concerned. The number of CSFs is displayed in Table 1 as a function of the computational model.
Due to convergence problems in the self-consistent calculation for the even parity reference configurations, we added the following configurations 2s 2 3d 2 , 2s2p 2 3d, 2s2p3p3d, 2s3s3d 2 , 2p 4 , 2p 3 3p, 2p 2 3s3d to stabilize the calculation. This first step was labeled with DF in Table 1 only for convenience. As the active set of orbitals was enlarged, only the orbitals in the added layer were optimized. The final calculations allowing for substitutions also from the 1s core orbital were done in RCI. For these calculations the Breit interaction was included as well.
RESULTS AND DISCUSSION
3.1.
Excitation energies and fine structure splittings
Excitation energies of levels in the 2p4f configuration, obtained with different computational models, are listed in the upper part of Table 2 . The L[K] J notation is used to mark these levels. For convenience we also present the LS notation. It can be found from this table that correlation effects, not only between valence electrons, but also between the core and valence ones, are very important. For example, excitation energies are reduced by about 6.5% under 4SDV model, and further adjusted by about 400 cm −1 when considering core-core and core-valence correlations in the 7SDC model. The influence of the Breit interaction on the excitation energies is so small as to be negligible. Comparing with experimental values from NIST we see that the uncertainties are less than 0.14% for excitation energies of the 2p4f configuration. As mentioned earlier, the level structure of the 2p4f configuration is best described in the LK-coupling scheme and the fine-structure splittings are only a few wave numbers. Therefore, the calculated fine-structure splittings are indispensable physical quantities for judging the quality of the ASFs. In the lower part of Table 2 , we present the calculated splittings. One should keep in mind that these calculations were performed within the fully relativistic framework. In other words, the relativistic effects were considered from the start. As a results, the discrepancies in fine-structure splittings at the DF level is attributed to the neglected electron correlation effects. For instance, the order of the energy levels belonging to the F(5/2) term is not correct until the 5SDV model has been reached. After including the Breit interaction, the calculated fine-structure splittings are in good agreement with the NIST values.
Excitation energies for levels in the 2s2p 3 and 2p3d configurations are reported in Table 3 as functions of the computational models. A good agreement with the NIST values is found. The difference is overall smaller than 0.2%, except for the 2s2p 3 5 S o 2 , 1 D o 2 , 3 S o 1 and 1 P o 1 states where the uncertainties approach 1%.
Transition energies, line strengths and probabilities
In this section we investigate the influence of electron correlation effects and the Breit interaction on the electric dipole (E1) transitions including transition energies △E, line strengths S and corresponding probabilities A. In order to show these effects, the present results are presented in Table 4 for some transitions from the 2p4f configuration as functions of the computational models. Since the accuracy of the transition probabilities can be evaluated from the agreement between val- (Ekman et al. 2014) , which correspond to the length and velocity gauges in the non-relativistic limit, we also present the transition rates in these two gauges. As can be seen from Table 4 , the line strengths and the transition rates of the strong lines are well converged in both gauges. Moreover, the consistency of the line strengths and transition rates in the two gauges are quite good in the 7SDCB model. In comparison with experimental value (Mar et al. 2000) , good agreement is found as well. For most of the weak lines, however, we observed that good convergence merely appear in the Babushkin (length) gauge but not in the Coulomb (velocity) gauge. Actually, it is indeed difficult to converge transition rates in the Coulomb gauge for the weak lines, since the transition operator in the Coulomb gauge is more sensitive to electron correlations than that in the Babushkin gauge. For this reason, we recommend the transition rates in the Babushkin (length) gauge to be used in astrophysical applications.
The uncertainties of the transition rates in the Babushkin (length) gauges are estimated based on the convergence trends. It is seen that the values change by about 5% from the 6SDV model to 7SDV, except for some weak lines, for example, in the 2p4f -2p4d and 2p4f -2s2p 3 transition arrays. For the former lines the small transition energies are associated with large relative uncertainties that lead to poor convergence for the transition rates that have uncertainties reaching 10%. However, these uncertainties can be reduced by rescaling the transition rates with experimental energies as we will show later. The 2p4f -2s2p 3 transition is a two-electron-one-photon process and thus sensitive to electron correlation effects (Jönsson et al. 2010) . In the present calculation, the uncertainty for these transitions is about 10% -15%. respectively. Exp. are the experimental value taken from Ref. (Mar et al. 2000) . 2p4f -2p4s 
Evaluations of gf for terms of the 2p4f configuration
Oscillator strengths for terms belonging to the 2p4f configuration were provided by Kelly and Wiese (Kelly 1964 ) and the TOPbase of Opacity Project (OP ) data (Opacity Project 1995). In order to evaluate the compiled data, we make comparisons with the present values. One should keep in mind that the previous calculations were non-relativistic and based on the LS-coupling scheme. Without loss of generality, we list the gf values for transitions from the 2p4f to the 2p3d configuration in Table 5 . It can be seen from this table that our calculations are consistent with other results. The small discrepancies, however, are indicators of the neglected relativistic effects in previous calculations. The importance of the relativistic effects can be seen more clearly in term separations that mainly result from the spin-orbital interaction of the 2p electron. Using the excitation energies reported in Table 2 , we obtain the term separations as the difference between the weighted average energies over the pair of levels. The values are listed in Table 6 . For comparison, we also show the results obtained with NIST values. It is found that present calculations are in excellent agreement with NIST the values, but differ remarkably from the ones of the Opacity Project due to neglect of relativistic effects and inadequate consideration of electron correlations in the latter. This means that non-relativistic calculations and the associated LS-coupling scheme are inappropriate for the case under investigation.
3.4.
Atomic parameters of the 2p4f configuration Wavelengths λ, weighted oscillator strengths gf and transition probabilities A of E1 transitions from levels in the 2p4f configuration to all lower-lying levels in N + are reported in Table 7 . These data are arranged according to different transition arrays like 2p4f -2s2p 3 , 2p4f -2p3s, 2p4f -2p3d, and so on. In the present work, we only present results associated with gf values larger than 5 × 10 −4 in the Babushkin (length) gauge. The relative difference in wavelengths (ξ%) between the present calculation and NIST values is listed in the fifth column of Table 7 . For convenience, Table 5 . The comparisons of the term gf for the 2p4f -2p3d transitions. VE, HFS, and OP are values taken from (Victor & Escalante 1988) , (Kelly 1964; Wiese et al. 1965), and (Opacity Project 1995 this was also illustrated in Figure 2 . It can be seen that the difference is about 0.2% for the 2p4f -2p3s, 2p4f -2p3d and 2p4f -2p4s transitions. Some transitions down to 2s2p 3 , e.g. 1 D o 2 and 1 P o 1 , are off by 1.6% -2.5%. It should be noted that the transitions between states of 2p4f and 2p4d configurations are exceptions. The transition energies are small and thus very hard to obtain accurately as they result from the subtraction of two equally large numbers Transition rates in Babushkin (length) gauge are presented in the 7th column of Table 7 . The available experimental transition rates for the transition 2p4f -2p3d are also displayed for comparison. It can be shown that present calculations are in reasonable agreement with the measurements by Mar et al. The only large discrepancy is found for the transition from 4f F(5/2) 2 to 3d 3 F o 2 .
It should be pointed out that the errors in the wavelengths lead to errors in the calculated transition rates, especially for the transitions with large wavelengths, e.g. the 2p4f -2p4d transitions. The errors in the transitions, however, can be corrected by scaling the rates with experimental wavelengths. We should stressed that these lines are hardly observed in experiments due to small branching ratios. Even though they are of little diagnostic importance we still present scaled gf values in Table 8 for lines where the difference in wavelength compared to NIST is larger than 3%. The final scaled results are obviously improved.
Liu pointed out that λ404.1 is the strongest line among the ones from the 2p4f configuration (Liu et al. 2000) . This is confirmed by our calculations. Moreover, we found that the gf value of the line with λ = 424.1 nm is large. This may be the reason why there is much work focusing on these two lines (Escalante & Dalgarno 1991; Liu et al. 2000; Fang et al. 2011 ). In addition, we found that in the infrared region there is a strong line produced by the transition from 4f G(9/2) 5 to 4d 3 F o 4 with gf (= 1.54).
With regard to plasma diagnostics, accurate atomic data are indispensable. For example, Prueitt used a group of multiplet lines with λ403.51nm, λ404.13 and λ404.35, namely the transition between 2p4f 3 G and 2p3d 3 F o , to determine the temperature of plasmas produced by lightnings (Prueitt 1963) . The values used to diagnose the plasma in that work deviate substantially from the present results. With respect to the accuracy of present calculations, some analysis based on old atomic data should be re-made. Table 7 . Wavelengths λ, weighted oscillator strengths gf and transition probabilities A of E1 transitions from the 2p4f configuration. Obs. are taken from NIST except for those with superscript. a,b,c are referred to
Ref. (Eriksson 1983) , (Mar et al. 2000) , and (Marquette et al. 2000) . σ b are the uncertainties of experimental rates (Mar et al. 2000) . The number in the square bracket represents the power of 10. 
